A remarkable property of twisted bilayer graphene (TBG) with small twist angle is the presence of a well-defined and conserved low-energy valley degrees of freedom 1 , which can potentially bring about new types of valley-associated spontaneous-symmetry breaking phases. Electron-electron (e-e) interactions in the TBG near the magic angle ~ 1.1º can lift the valley degeneracy, allowing for the realization of orbital magnetism and topological phases 2-11 . However, direct measurement of the orbital-based magnetism in the TBG is still lacking up to now. Here we report evidence for orbital magnetic moment generated by the moiréscale current loops in a TBG with a twist angle θ ~ 1.68º . The valley degeneracy of the 1.68º TBG is removed by e-e interactions when its low-energy van Hove singularity (VHS) is nearly half filled. A large and linear response of the valley splitting to magnetic fields is observed, attributing to coupling to the large orbital magnetic moment induced by chiral current loops circulating in the moiré pattern.
Owning to strong electron-electron (e-e) interactions, twisted bilayer graphene (TBG) near the magic angle ~ 1.1º exhibits many interesting correlation phases, including insulating, superconducting, ferromagnetic, and topological phases [9] [10] [11] [12] [13] [14] . One of the most remarkable properties in the magic-angle TBG is that the low-energy bands can have non-zero valley Chern numbers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , which not only allow for the possibility of topological phases, but also enable the realization of the first example of a material with purely orbital-based magnetism. Although (quantum) anomalous Hall effect, i.e., the topological phase, has been observed very recently in the magic-angle TBG [9] [10] [11] , direct measurement of the orbital-based magnetism is still lacking. Theoretically, the orbital magnetic moment in the magic-angle TBG is generated by chiral current loops on the moiré scale (~ 10 nm), thus it is expected to be much larger than that on the atomic lattice scale [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 15 . In this work, we report evidence for giant orbital magnetic moment generated by moiré -scale current loops in a 1.68º TBG with the period of the moiré pattern ~ 8.4 nm. Our high-resolution scanning tunneling microscope and spectroscopy (STM and STS) measurements demonstrate that the e-e interactions lift the valley degeneracy of the TBG when the low-energy flat bands are half filled such that the chemical potential is around the van Hove singularity (VHS). The valley splitting of the VHS increases linearly with increasing magnetic fields due to the coupling to the orbital magnetic moment, which is deduced to be about 10.7 B per moiré supercell in our experiment. Our analysis indicates that the C2z symmetry breaking of the TBG induced by the substrate is crucial for nonvanishing valley Chern number, resulting in the emergence of the large orbital magnetic moment in the studied system.
In our experiment, twisted multilayer graphene (TMG) was synthesized on Rhodium (Rh) foils via a traditional ambient pressure chemical vapor deposition method.
According to previous studies [16] [17] [18] [19] , the graphene layers grown on the Rh foils have a strong twisting tendency, providing rich TMG with different twist angles. Figure 1a shows a representative STM topographic image of a TMG region, which contains two moiré patterns with different periods (see inset for fast Fourier transforms of the STM image). The small period of the moiré pattern is D ≈ 1.5 nm and the corresponding twist angle between two adjacent graphene sheets is estimated as about θ ≈ 9.1±0.2° according to
, where a ≈ 0.246 nm is the lattice constant of graphene. The periods of the large moiré pattern exhibit obvious anisotropic and they are measured as L1 = 8.50 nm, L2 = 8.63 nm, and L3 = 8.05 nm, as shown in Fig. 1a .
The slightly deformed moiré pattern indicates that there is heterostrain in the topmost TBG. With assuming an uniaxial strain in the TBG [20] [21] [22] [23] [24] [25] , the twist angle of the largeperiod moiré pattern can be estimated as θ ≈ 1.68° with the uniaxial heterostrain ε ≈ -0.2% along 23.5º with respect to the x axis. To further determine the stacking order of the topmost three layers, we measured atomic-resolution STM images of the ABstacked region ( Fig. 1b ), AA-stacked region (Fig. 1c ), and BA-stacked region ( Fig. 1d) in the large-period moiré pattern. We can clearly observe hexagonal honeycomb lattices in the AA-stacked region and triangular lattices in the AB/BA stacked region, which are exactly consistent with the features observed in slightly TBG [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , indicating that the large-period moiré pattern arises from the twist between the first and the second graphene sheets. Figure 1e shows a schematic image of the topmost three graphene layers in Fig. 1a . The large twist angle between the second and the third layer θ23 ≈ 9.1°, which enables that the topmost TBG is electronically decoupled from the supporting substrate 18, 19, 34, 35 . Therefore, the probed electronic states by the STM should be mainly contributed by the topmost TBG with θ12 ≈ 1.68°, which is demonstrated explicitly in our experiment, as illustrated subsequently. Figure 1f shows representative dI/dV spectra recorded in the AA-stacked region and the AB/BA stacked region of the topmost TBG. We can make three obvious observations from the spectra. The first is that the spectrum recorded in the AA regions of the moiré pattern shows low-energy sharp peaks, which are the VHSs of the topmost TBG. However, the VHSs exhibit four peaks rather than two peaks as expected in pristine TBG [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Such a feature arises from the heterostrain of the topmost TBG and will be elaborated in Fig. 2 . The second notable feature of the spectra is the presence of the step-like features, which are mainly localized on AB/BA-stacked region, at higher and lower energies, as marked by arrows in Fig. 1f . Similar step-like features are also observed in the tunneling spectra of the magic-angle TBG and are also generated by the hetrostrain 21 . The third feature in the spectrum recorded in the AA regions is the appearance of negative differential conductance (NDC) between the low-energy VHSs and high-energy step-like features, as pointed out in Fig. 1f . Previous studies demonstrated that the existence of an energy gap is necessary to observe the NDC in the tunneling spectra of graphene systems 30, 31 . Therefore, the observed NDC is a clear signature that there is a gap between the low-energy VHSs and the remote bands in the topmost TBG, which agrees well with that observed in slightly TBG [9] [10] [11] [12] [13] [14] [20] [21] [22] [23] 32, 33 . These features demonstrated explicitly that the tunneling spectra in our studied system are mainly contributed by the topmost TBG with θ12 ≈ 1.68°.
To further explore the electronic properties, we carried out high-resolution STS measurements in the topmost TBG with different doping (the energy resolution is about 1 meV, see Supplemental materials for details of the method to change the doping of the topmost TBG). Figure 2a shows a representative high-resolution STS spectrum recorded in the AA regions of the topmost TBG where the VHSs are completely empty.
The charge neutrality point nc of the topmost TBG is about 50 meV above the Fermi energy and, obviously, there are four low-energy VHSs. Usually, there are only two VHSs flanking the nc of the slightly TBG [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Our result indicates that each VHS of the topmost TBG splits into two peaks. When the VHSs are partially filled, as shown in Fig. 2b , the e-e interactions further split the left two VHSs into four peaks, leaving the right two unoccupied VHSs almost unchanged. Therefore, the e-e interactions should not be the reason for the emergence of four VHSs when they are completely empty ( Fig.   2a ). We attribute this phenomenon to the existence of heterostrain in the topmost TBG, which is clearly shown by the three different moiré lattice constants in Fig. 1a . The direction and magnitude of the strain in the topmost TBG can be uniquely determined by the three non-equivalent moiré lattice constants. With assuming only the top layer graphene is strained and the other graphene layers are undistorted, we can obtain the low-energy band structures and local density of states (DOS) of the twisted graphene systems, as summarized in Fig. 2c-2f (see Supplemental materials for details). Without strain, there are two VHSs flanking the nc of the 1.68º TBG, as shown in Fig. 2f . By introducing the heterostrain, each VHS splits into two, which is consistent with the experimental data. Even with considering the Bernal-stacked bilayer graphene as a supporting substrate of the 1.68º TBG, each VHS will still be split into two peaks by the heterostrain, as shown in Fig. 2d . However, the existence of the bilayer graphene as a substrate will remove the gap between the low-energy VHSs and the remote bands, as shown in Fig. 2c and 2d . Such a feature is not consistent with our experimental result, further confirming that the tunneling spectra in our studied system are mainly contributed by the topmost TBG. However, we should point out that the presence of the multilayer graphene as a substrate is still crucial since it breaks the C2z symmetry of the topmost TBG, which allows for non-vanishing Berry curvatures and the associated phenomena.
Now we begin to discuss the e-e interactions in the topmost TBG. When the doping of the TBG varies about 20 meV and the left two VHSs are half filled, the e-e interactions split the left two VHSs into four peaks, as shown in Fig. 2b (the splitting is about 42 meV). Simultaneously, the energy separation between the VHSs below the nc and above the nc is increased as compared to the case that the four VHSs are completely empty (the energy separation increases from about 50 meV to about 60 meV when the VHSs are partially filled). These two features are also observed in the magic-angle TBG and indicate that the e-e interactions are also very important in the 1.68º TBG even though the twist angle is larger than the magic angle by about 52%. Therefore, it is possible to realize interesting correlated phenomena in the TBG with a wide range of twist angle 14, 36, 37 . Such a result also indicates that the graphene multilayer substrate poorly screens the e-e interactions in the TBG. An examination of the spectrum shows that the intensities of the split VHSs on either side of the Fermi level are about half the intensity of the un-split VHSs (Fig. 2b) , indicating that either the spin or the valley degeneracy of the TBG is lifted and the obtained state is twofold degeneracy. Previous transport measurements also observe twofold degeneracy of the Landau fan in the magic-angle TBG when the VHS is half filled 14 .
To further explore the nature of the splitting at half filling of the VHSs in the 1.68º
TBG, we carried out high-resolution STS measurements in the presence of different perpendicular magnetic fields, as summarized in Fig. 3 . When the VHSs are completely empty, the spectra are almost un-affected by the magnetic fields. However, when the VHSs are half filled, the splitting increases quickly with increasing the magnetic fields, as shown in Fig. 3b . The half-filled splitting ∆E as a function of magnetic field is plotted in Fig. 3c , which exhibits a linear scaling. Derived from the slope of the linear fits, we obtain an effective g factor as about 21.4, which is much larger than that of the Zeeman splitting of spin (the effective g factor of spin is usually about 2). In fact, the obtained giant g factor is quite similar as that of the valley splitting when the zero Landau level of graphene monolayer is half filled 18, 38 . In slightly TBG, when the valley degeneracy is lifted by the e-e interactions and the C2z symmetry is broken by the substrate, each valley would be associated with non-vanishing Berry curvature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Then, there is large orbital magnetic moment generated by circulating current loops in the moiré patterns of the TBG (Figure 4a ). According to the obtained slope in Fig. 3c , the orbital magnetic moment in each moiré is estimated as about 10.7 . Below, we will show that the existence of large orbital magnetic moment in the TBG is the origin of the large response of the splitting to the magnetic fields.
Before carrying out quantitative calculation, we first review the symmetries of the TBG and the necessary conditions for the emergence of orbital magnetic moment in the TBG. The TBG system possesses 3 , 2 , 2 , 2 , and (time-reversal) symmetries. As both 2 and are symmetry operations that interchange the two valleys, the combined symmetry operation 2 is a symmetry associated with each valley, which enforces the Berry curvature to be vanishing at every point in the Fig. 2c , the calculated band structures of the TBG supported by the Bernal-stacked bilayer graphene possess nonzero valley Chern numbers, which resembles the case of TBG with the staggered sublattice potential, i.e., the band structures of hBN-aligned TBG (Fig. 2e ).
The DOS spectra of the two cases are also quite similar, as shown in Fig. 2d and 2f .
Therefore, we believe that the Coulomb interactions in our system would have similar effects in hBN-aligned TBG. The difference is that the 2 symmetry is broken by the multilayer graphene substrate in our experiment, rather than by the hBN in the hBNaligned TBG.
Based on the above argument, we have carried out a self-consistent unrestricted Hartree-Fock calculation for the TBG with the staggered sublattice potential. At -1/2 filling of the two low-energy flat bands, the chemical potential is around the VHS on the hole side. As the Hartree-Fock calculation is fully unrestricted, all the valley, spin, and sublattice dependence of the mean-field order parameters has been taken into account, and the details of such moiré Hartree-Fock method are presented in Ref. 8 .
The calculated mean-field ground state is a valley-polarized state, as shown in Fig. 4b , which is expected to possess chiral current loops. With assuming that the K valley is 100% polarized due to spontaneous valley symmetry breaking from coulomb interactions, as observed in our experiment, we can obtain the real-space distributions of the local current density and the current-induced local magnetic field within the moiré Wigner-Seitz cell for the TBG, as shown in Fig. 4a . Obviously, there are chiral current loops circulating in the moiré cell, which generates large orbital magnetic moment in the TBG, resulting in large response of the valley splitting to the magnetic fields. It is worthwhile to note that the C3z symmetry is broken in the chiral currentloop pattern due to the presence of heterostrain in the TBG layers.
In Fig. 4b , we show the evolution of the calculated DOS of the TBG under vertical magnetic fields. Coulomb interactions have been included, and are treated within Hartree-Fock approximations at -1/2 filling as explained above. As the valence band of each valley carries nonzero Chern number, the occupied states below the chemical potential are actually orbital ferromagnetic states with nonvanishing net orbital magnetizations pointing along the direction. Supposing the magnetic field is along z, and the orbital magnetization is also aligned along z by the external magnetic fields, then the correlated gap would be enhanced by increasing the magnetic fields. This is clearly shown in Fig. 4b and 4c . As the magnetic field increases from 0 to 5 T, the gap at -1/2 filling increases from 2 meV to 7 meV, which means there is a giant factor associated with orbital Zeeman effect. A straightforward linear fitting indicates that the effective g factor is around 17.3, or the effective orbital magnetic moment in each moiré is about 8.7 . This is qualitatively in agreement with our experimental results. Here, we should point out the splitting between the two valleys is much larger than the gap around the Fermi level (Fig. 4b) . However, the slopes deduced from their variations with increasing the magnetic fields are the same.
In summary, we demonstrated that the e-e interactions are also very important even in the 1.68º TBG and a fully valley-polarized state is obtained when its VHS is half filled. Because the C2z symmetry breaking of the TBG induced by the substrate, our result indicated that there is large orbital magnetic moment in each moiré ~10.7 in the 1.68º TBG. Such a result demonstrated that the slightly TBG provides an unprecedented platform to explore magnetism that is purely orbital.
